Aims/hypothesis Mitochondrial oxidative phosphorylation (OXPHOS) plays an important role in the pathophysiology of type 2 diabetes. Genes involved in OXPHOS have been reported to be down-regulated in skeletal muscle from patients with type 2 diabetes; however, hepatic regulation is unknown. Materials and methods We analysed expression of genes involved in OXPHOS from the livers of 14 patients with type 2 diabetes and 14 subjects with NGT using serial analysis of gene expression (SAGE) and DNA chip analysis. We evaluated the correlation between expression levels of genes involved in OXPHOS and the clinical parameters of individuals with type 2 diabetes and NGT. Results Both gene analyses showed that genes involved in OXPHOS were significantly upregulated in the type 2 diabetic liver. In the SAGE analysis, tag count comparisons of mitochondrial transcripts showed that ribosomal RNAs (rRNA) were 3.5-fold over-expressed, and mRNAs were 1.2-fold over-expressed in the type 2 diabetes library. DNA chip analysis revealed that expression of genes involved in OXPHOS, which correlated with several nuclear factors, including estrogen-related receptor-α or peroxisome proliferator-activated receptor-γ, was a predictor of fasting plasma glucose levels, independently of age, BMI, insulin resistance and fasting insulin levels (p=0.04). Surprisingly, genes involved in OXPHOS did not correlate with peroxisome proliferator-activated receptor-γ coactivator-1α or nuclear respiratory factor 1. Conclusions/interpretation Our results indicate that upregulation of genes involved in OXPHOS in the liver, which are regulated by different mechanisms from genes in the skeletal muscle, is associated with fasting hyperglycaemia in patients with type 2 diabetes.
caused by mitochondrial dysfunction [2] . Mitochondria in the skeletal muscle of patients with type 2 diabetes have ultrastructural changes and an impaired bioenergetic capacity [3] . Recently, several reports [4] [5] [6] [7] have suggested that impairment of mitochondrial oxidative phosphorylation (OXPHOS) in the skeletal muscle contributes to type 2 diabetes. Petersen et al. reported that insulin resistance in the skeletal muscle of insulin-resistant offspring of patients with type 2 diabetes is associated with dysregulation of intramyocellular fatty acid metabolism, possibly because of an inherited defect in mitochondrial OXPHOS [4, 5] . Moreover, genes involved in OXPHOS are downregulated in the skeletal muscle of patients with type 2 diabetes, and peroxisome proliferator-activated receptor-γ (PPARG) coactivator-1α (PPARGC1A, also known as PGC-1α) has been identified as a candidate master gene for controlling expression of genes involved in OXPHOS in skeletal muscle [6, 7] .
The liver is a key organ in glucose homeostasis. In the fasting state, normoglycaemia is maintained by hepatic gluconeogenesis. Type 2 diabetes is characterised by the impairment of insulin's ability to inhibit gluconeogenesis in the liver. The rate of gluconeogenesis is controlled by key enzymes, including phosphoenolpyruvate carboxykinase (PCK) and glucose-6-phosphatase (G6PC), in response to environmental and hormonal stimuli. Transcriptional activation of the PEPCK promoter requires coactivation of glucocorticoid receptors and the liver-enriched transcription factor hepatic nuclear factor-4α (HNF4A) by PGC-1α, indicating that PGC-1α is a key regulator of gluconeogenesis as well as of OXPHOS [8] [9] [10] .
Contrary to the decrease of PPARGC1A expression in the skeletal muscle of patients with type 2 diabetes, PPARGC1A expression in the liver has been shown to be elevated in animal models of diabetes [8] [9] [10] [11] . Tissue-specific regulation of metabolic pathways through PPARGC1A may take place in the skeletal muscle and liver. Thus, this differential expression might induce coordinated upregulation of genes involved in OXPHOS in the liver of patients with type 2 diabetes. To examine this hypothesis, we investigated comprehensive gene expression profiles in the liver of patients with type 2 diabetes and control subjects with NGT using the serial analysis of gene expression (SAGE) technique [12] and DNA chip analysis.
Subjects and methods
Samples Samples for SAGE and real-time quantitative polymerase chain reaction analyses were obtained from five patients with type 2 diabetes and five subjects with NGT, all of whom had undergone surgical treatments for malignant tumours, such as gastric cancer, gall bladder cancer and colon cancer. Hepatic tissues were surgically removed from the non-cancerous part of the liver and frozen in liquid nitrogen. We confirmed the absence of microscopic metastasis in liver samples histologically. There were no significant differences in age, BMI and liver function tests between the two patient groups (Table 1) . Of the five patients with diabetes, three were treated with diet therapy alone and two were treated with insulin therapy.
Samples for DNA chip analysis were obtained from nine patients with type 2 diabetes and nine subjects with NGT, who were admitted to Kanazawa University Hospital from April 2000 to March 2003. Hepatic tissues were obtained with percutaneous needle liver biopsy, and immediately frozen in liquid nitrogen and stored at −80°C until use. There were no significant differences in age, BMI, liver function tests and homeostasis model assessment of insulin resistance between the two patient groups (Table 2) . Patients with type 2 diabetes were treated with diet therapy alone or insulin; no patients were receiving any oral hypoglycaemic agent. Participants receiving statins, ACE inhibitors or angiotensin II receptor blockers were excluded.
All subjects tested negative for hepatitis B and C viruses. No subjects experienced body weight loss or malnutrition before liver biopsies. All liver biopsies were performed in the fasting state. Patients with type 2 diabetes were diagnosed on the basis of criteria established by an expert committee on the diagnosis and classification of diabetes mellitus [13] . Subjects with NGT were diagnosed on the basis of fasting plasma glucose values <6.1 mmol/l and glycosylated haemoglobin <6.5%. All patients provided written informed consent for this study. The experimental protocol was approved by the relevant ethics committee in our institution, and was carried out in accordance with the Declaration of Helsinki. Serial analysis of gene expression (SAGE) Total RNA was extracted from the homogenised samples using an isolation kit (ToTTALY RNA, Ambion, Austin, TX, USA). Polyadenylated RNA was extracted using a kit (Micropoly [A] Pure; Ambion). A total of 2.5 μg of RNA in each sample was used for SAGE. The SAGE protocol has been previously described [14, 15] . SAGE libraries were sequenced at random using a DNA sequencer (ABI PRISM 377; PE Biosystems, Foster City, CA, USA) and sequence kit (BigDye Terminator Cycle Sequence Kit; PE Biosystems). An NGT library was constructed with the original SAGE protocol (using ten base pair sequence tags), whereas the library for patients with type 2 diabetes was constructed with the long SAGE method (using 17 base pair sequence tags) [16] . Sequenced files were analysed with the SAGE 2000 software (http://www.sagenet.org). To minimise the effects of possible sequencing errors, only tags represented at least twice in each library were considered for analysis. The transcript identity of each SAGE tag in the type 2 diabetes library was obtained using the nucleotide-nucleotide basic local alignment search tool (BLAST) (http:// www.ncbi.nlm.nih.gov/BLAST/). The transcript identity of each SAGE tag in the NGT library was obtained by matching the unitag list against the human tag-to-gene 'reliable map' in SAGEmap (ftp://ftp.ncbi.nlm.nih.gov/pub/ sage/map/). The gene expression profiles of the type 2 diabetes and NGT libraries were compared through normalisation to 1,000,000 tags, and statistical significance between libraries was calculated with SAGE 2000 software. All gene ontology annotations were gathered using Unigene cluster IDs collected from the SOURSE database (http://www. genome-www5.stanford.edu/cgi-bin/source/sourceSearch). For the analysis of the cellular component, the different gene ontology categories were further regrouped into nine classes (extracellular, mitochondrion, nucleus, cytoplasm, plasma membrane, ribosome, endoplasmic reticulum, Golgi apparatus, and others), using the definitions described by the Gene Ontology Consortium (http://www.geneontology.org/). The transcripts corresponding to the class 'mitochondria' included mitochondrial transcripts and nuclear transcripts coding proteins transferred to mitochondria. The class 'others' included transcripts in which the cellular component was unknown.
Additional details on methods For details on laboratory studies, DNA chip analyses, real-time PCR and statistical analyses, see Electronic supplementary material (ESM).
Results

SAGE expression profiles
We obtained a total of 144,901 tags from the two libraries (NGT, 100,621 tags; type 2 diabetes, 44,280 tags). Many tags were repeatedly presented, and a total of 37,054 genes were unique in the two libraries (NGT, 27,622 genes; type 2 diabetes, 15,337 genes). To avoid counting tags caused by sequence error, tags counted only once in the library were eliminated. Tags found more than twice in the NGT and type 2 diabetes libraries represented 9,948 and 7,126 transcripts, respectively.
The 20 most abundant genes in each library are shown in Tables 3 and 4 . Mitochondrial transcripts such as 16S ribosomal RNA (rRNA) and cytochrome c oxidase subunit III occupied a high rank in the type 2 diabetes library, whereas transcripts encoding secretory proteins such as apolipoprotein C-I and albumin occupied a high rank in the NGT library.
Gene ontology cellular components of identified transcripts The gene ontology cellular components of all identified transcripts were gathered and regrouped into the nine representative classes designated by the Gene Ontology consortium (http://www.geneontology.org/) as shown in Fig. 1 . The top class for the type 2 diabetes library was 'mitochondria'. The transcripts corresponding to the class included mitochondrial and nuclear transcripts coding proteins transferred to mitochondria. For instance, the mitochondrial transcripts included those coding 12S rRNA, 16S rRNA, cytochrome c oxidase subunit III, and ATP synthase F0 subunit 6. The nuclear transcripts coding products transferred to mitochondria included those coding cytochrome c oxidase subunit VIc, butyryl coenzyme A synthetase 1 and the aldehyde dehydrogenase 2 family. On the other hand, the top class for the NGT library was 'extracellular,' including genes encoding secretory proteins such as apolipoprotein C-I, apolipoprotein C-II, and albumin.
Expression of transcripts involved in OXPHOS in the SAGE library Of the transcripts associated with mitochondria, we focused on those involved in OXPHOS. By reference to a pathway gene list reported by Netaffx Analysis Center (http://www.affymetrix.com/index.affx), we found 53 nuclear transcripts involved in OXPHOS in our two libraries Genes were ranked by their absolute tag counts. We included the transcripts encoded by mitochondrial DNA in the library, such as cytochrome c oxidase subunit II and NADH dehydrogenase subunit III. The corresponding tags per million are shown to allow comparisons We detected two rRNAs and 11 mRNAs encoded by mitochondria in the two libraries (Fig. 2b) . Both 12S and 16S rRNAs were upregulated in the type 2 diabetes library. Of 11 mRNAs, seven were upregulated in the type 2 diabetes library. A comparison using total cumulated tag counts showed that mitochondrial rRNAs were 3.5-fold overexpressed and mRNAs were 1.2-fold over-expressed in the type 2 diabetes library (64,905 vs 18,485 tags and 74,505 vs 61,040 tags, respectively; p<0.00001 for both comparisons).
Expression of genes involved in OXPHOS and glucose metabolism by real-time quantitative PCR Using real-time PCR analysis, we reconfirmed the result of SAGE analysis for OXPHOS gene expression. The following representative OXPHOS genes were significantly upregulated in patients with type 2 diabetes: NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6, 14 kDa (NDUFA6) (Complex I), succinate dehydrogenase complex, subunit C, integral membrane protein, 15 kDa (SDHC) (Complex II), ubiquinol-cytochrome c reductase binding protein (UQCRB, formerly known as QPC) (Complex III), cytochrome c oxidase subunit IV isoform 1 (COX4i1) (Complex IV), and ATP synthase, H + transporting, mitochondrial F1 complex, beta polypeptide (ATP5B) (Complex V) (see ESM Fig. 1) . Expression of representative genes for hepatic gluconeogenesis such as PPARGC1A, tribbles homolog 3 (Drosophila) (TRIB3, also known as TRB-3), mitochondrial phosphoenolpyruvate carboxykinase 2 (PCK2), and solute carrier family 2 (facilitated glucose transporter), member 2 (SLC2A2, also known as GLUT2) was significantly upregulated in the type 2 diabetes SAGE library (p<0.001). Tag frequencies to other key molecules such as the genes encoding HNF4A, glucocorticoid receptors, glucose-6-phosphatase (G6PC) and cAMP responsive element binding protein were not detected in the two libraries. Expression was also confirmed by real-time PCR (ESM Fig. 2 ). Expression of PPARGC1A was confirmed to be upregulated a Fifty-three nuclear transcripts involved in OXPHOS were detected in the two libraries; 36 (68%) were upregulated in the type 2 diabetes (DM) library. Comparison with total cumulated tag counts showed that the overall expression level of transcripts for OXPHOS was 1.7 times higher in the type 2 diabetes library than in the NGT library (7933 vs 4748 tags p<0.00001). b Thirteen mitochondrial transcripts were detected in the two libraries. The distribution of SAGE tags was plotted on a logarithmic scale. Two mitochondrial rRNAs and 11 mitochondrial mRNAs were expressed. 12S and 16S rRNAs were upregulated in the type 2 diabetes (DM) library. Of 11 mRNAs, seven were upregulated in the type 2 diabetes library. Comparison with total cumulated tag counts showed that mitochondrial rRNAs were 3.5-fold over-expressed and mRNAs were 1. Fig. 2a) . The expression of genes encoding mitochondrial gluconeogenic key enzyme PCK2 and cytosol enzyme PCK1 was significantly upregulated in the type 2 diabetes library (p<0.005, ESM Fig. 2b and c) . Upregulation of those genes may provide a molecular basis for elevated gluconeogenesis in the livers of patients with type 2 diabetes.
Pathway analysis of genes involved in OXPHOS by DNA chip analysis We reconfirmed the results of SAGE and real-time PCR for genes involved in OXPHOS by using DNA chip analysis in our independent reference subject groups. Gene list comparison using the Biometric Research Branch (BRB) array tool (http://www.linus.nci. nih.gov/BRB-ArrayTools.html) revealed that the 114 genes involved in OXPHOS were coordinately upregulated in the livers of patients with type 2 diabetes (p< 0.00005, Fig. 3 ). Expression profiles of each OXPHOS gene in DNA chip analysis are shown in ESM Table 2. In the livers of patients with type 2 diabetes, OXPHOS genes encoding proteins for respiratory complexes I, II, III, IV and V were upregulated.
Univariate linear regression analysis to assess the contribution of clinical parameters to OXPHOS mean centroid To evaluate the correlation between expression of the genes involved in OXPHOS and clinical or biochemical parameters of individuals with type 2 diabetes and NGT, we computed the mean centroid of OXPHOS genes (Table 5) . Mootha et al. reported that the mean centroid of OXPHOS genes in the skeletal muscle was correlated with total-body aerobic capacity [7] . In our analysis, the mean centroid of OXPHOS genes in the liver was significantly correlated with fasting plasma glucose level (Table 5 and Fig. 4a ). In addition, the mean centroid of OXPHOS genes had a tendency to correlate negatively with markers of insulin resistance such as metabolic clearance rate and quantitative insulin sensitivity check index (Fig. 4b and c) .
Multivariate linear analysis to assess the contribution of mean centroid of OXPHOS and clinical parameters to fasting plasma glucose level Because fasting plasma glucose levels were correlated with the mean centroid of OXPHOS genes, we hypothesised that the upregulation of genes involved in OXPHOS in the liver contributes to fasting hyperglycaemia in patients with type 2 diabetes. To test this hypothesis, we generated multivariate linear regression models using fasting glucose level as the dependent variable, and the mean centroid of OXPHOS together with clinical parameters as independent variables. As shown in Table 6 , we found that the mean centroid of genes involved in OXPHOS was a predictor of fasting plasma glucose levels, independently of age, BMI, insulin resistance, and fasting insulin levels. Correlation between OXPHOS mean centroid and gene expression for transcriptional factors and cofactors We next investigated regulatory factors that control gene expression for OXPHOS. We analysed gene expression for transcriptional factors or nuclear co-activators that are reported to be associated with OXPHOS or energy homeostasis. The genes analysed included: PPARGC1A, PPARGC1B [17] , nuclear respiratory factor 1 (NRF1) [17] , peroxisome proliferator-activated receptors (PPARs), estrogen related receptor-α (ESRRA) [18] , thyroid receptor α (THRA) [19] , steroid receptor co-activators-1 (NCOA1, also known as SRC-1) [20] and transcriptional intermediary factor-2 (NCOA2, also known as TIF-2) [20] . As a result, gene expression for PPARG, ESRRA, NCOA1, THRA and NCOA2 was significantly correlated with the mean centroid of OXPHOS genes (Fig. 5) . Surprisingly, gene expression of PPARGC1A and PPARGC1B (data not shown) did not correlate with the mean centroid of OXPHOS genes (Fig. 5f ).
Discussion
The liver, an important glucose-releasing organ, plays a central role in glucose homeostasis and contributes to the development of type 2 diabetes. Several reports have demonstrated a reduction of genes involved in OXPHOS in the skeletal muscle of patients with type 2 diabetes [6, 7] , and raise the question as to whether this reduction is also seen in the liver of these patients. However, there are no reports of comprehensive gene expression of OXPHOS in the human liver, mainly because of the difficulty of obtaining liver samples from humans with diabetes. Previously, we reported that genes involved in systemic vascular complications are differentially expressed in the livers of patients with type 2 diabetes [21] . We report here the first comprehensive analysis of upregulated expression of genes involved in OXPHOS in the livers of humans with type 2 diabetes; no comparable findings have been shown in previous reports of animal or cellular experiments. In our two analyses, there were no significant differences in BMI between subjects with type 2 diabetes and those with NGT. Unlike Western subjects, Japanese patients with type 2 diabetes are characterised by impaired insulin secretion rather than insulin resistance. Thus, obesity is not as severe in these patients; in fact, some Japanese patients with type 2 diabetes are lean. Therefore, the hepatic gene expresion profiles we obtained in the present study are more closely associated with type 2 diabetes itself than with obesity. In addition, none of the subjects in the two analyses experienced body weight loss or gain before liver biopsies, and no patients in SAGE analysis suffered from cancerinduced malnutrition or body weight loss. Thus, we believe that the influence of body weight change on hepatic gene expression profiles for genes involved in OXPHOS can be ruled out in our study. We constructed SAGE libraries from NGT and type 2 diabetic patients with different procedures: LongSAGE for the type 2 diabetes library and short SAGE for the NGT library. The LongSAGE method, which generates tags with a length of 21 bases, theoretically facilitates tag-to-gene assignments. In fact, more tags could be assigned to a single unique gene in our type 2 diabetes library by LongSAGE than in the NGT library by short SAGE (type 2 diabetes 73% vs NGT 65%). However, stochastically, the amount of tags for individual genes detected by short SAGE and LongSAGE should be equal when analysing the same sample. In fact, we confirmed that the type 2 diabetes:NGT ratio of OXPHOS genes in SAGE was approximately equal to that in real-time PCR (data not shown). Therefore, we believe that the different SAGE methods did not influence the conclusion of our study.
The transcripts corresponding to the ontology class 'mitochondria' were 1.7-fold, and those of mitochondrial rRNAs 3.5-fold over-expressed in the type 2 diabetes SAGE library. In addition, nuclear and mitochondrial genes involved in OXPHOS were upregulated in the type 2 diabetes library. Subunits of respiratory complexes in the mitochondria were encoded by both nuclear and mitochondrial DNA [22] . However, the limited coding capacity of mitochondrial DNA means that nuclear genes make a major contribution to OXPHOS. For example, the interaction between nuclear factor PPARGC1A and NRF1 regulates mitochondrial gene transcription through the upregulation of mitochondrial transcription factor A [17] . Our results suggest that the upregulation of nuclear and mitochondrial genes involved in OXPHOS in type 2 diabetic livers is due to the overproduction of several nuclear factors, such as PPARGC1A, ESRRA and THRA.
One limitation of our study was that the analysis was performed only at the gene transcriptional levels. Because the liver samples from patients with type 2 diabetes were limited, we were unable to perform functional or structural analyses. Further studies on the alteration of mitochondrial bioenergetic capacity and morphology are necessary to evaluate hepatic mitochondrial function in patients with type 2 diabetes. However, our results suggest that the function of OXPHOS is upregulated in the type 2 diabetic liver, because mitochondrial rRNAs were 3.5-fold over-expressed. George et al. have reported that high ATP levels strongly stimulate mitochondrial rRNA synthesis in isolated human mitochondria [23] . These results suggest that, in the liver of patients with type 2 diabetes, ATP production is activated through the upregulation of genes involved in OXPHOS, which stimulates rRNA synthesis and activates energy metabolism. Our results correspond with rat studies by Ferreira et al. [24, 25] , demonstrating that the efficiency of the OXPHOS system is elevated in the liver of Goto-Kakizaki rats, an animal model of type 2 diabetes [24] , whereas that in animal models of type 1 diabetes induced by streptozotocin is lowered [26] [27] [28] . We demonstrated that expression of genes involved in OXPHOS can predict fasting plasma glucose levels, independently of age, BMI and insulin resistance markers. Our findings suggest that upregulation of genes involved in OXPHOS in type 2 diabetic liver is associated with fasting hyperglycaemia. However, it is not clear whether the upregulation of OXPHOS genes in type 2 diabetic livers is a consequence or a cause of hyperglycaemia. In endothelial cells, which have an insulin-independent glucose uptake system like hepatocytes, treatment with glucose was reported to activate OXPHOS in the mitochondria with ease [29] . Similarly, therefore, influx of high glucose levels into hepatocytes could stimulate expression of genes involved in OXPHOS in the liver. Inversely, the upregulation of genes involved in OXPHOS may cause hyperglycaemia, because gluconeogenic enzymes such as PEPCK require ATP for their catalytic actions. The upregulation of genes involved in OXPHOS may contribute to hyperglycaemia through the supply of ATP for gluconeogenic enzymes. The glucose-lowering drug metformin is reported to restrain hepatic gluconeogenesis through inhibition of the respiratory chain 1 [30, 31] . Our analysis is compatible with these reports on the pharmacological effect of metformin. The upregulation of genes involved in OXPHOS in the liver may therefore be a therapeutic target for the treatment of type 2 diabetes.
A reduction in expression of genes involved in OXPHOS has been reported in type 2 diabetic skeletal muscle [6, 7] . This reduction is related to impaired oxidative capacity and accumulation of triacylglycerol in the skeletal muscle, which correlates with insulin resistance [5] . On the other hand, lipid accumulation in the liver is also observed in many patients with type 2 diabetes. Generally, in response to increased fatty acid synthesis, the mitochondrial β-oxidation pathway is also upregulated. Activation of β-oxidation of fatty acids distributes FADH 2 , NADH and acyl-CoA to mitochondrial OXPHOS, leading to OXPHOS activation. Thus, the liver might compensate for steatosis by increasing fatty acid β-oxidation and activating OXPHOS in patients with type 2 diabetes. However, such increased oxidative capacity in the type 2 diabetic liver may not be enough to stop hepatic steatosis. Further study to elucidate the significance of OXPHOS in the development of fatty liver is needed.
PPARGC1A is a nuclear hormone receptor coactivator, which powerfully induces and coordinates expression of genes involved in hepatic gluconeogenesis [32] . In the current study, elevated expression of PPARGC1A was demonstrated in the liver of patients with type 2 diabetes. However, expression of PPARGC1A did not correlate with that of genes involved in OXPHOS. Mootha et al. identified a subset of OXPHOS genes coordinately regulated by PPARGC1A in human skeletal muscle and termed this subset OXPHOS-CR (oxidative phosphorylation coregulated). However, our clustering analysis showed that expression of Mootha's OXPHOS-CR genes had no coregulation in human liver samples (data not shown). Thus, PPARGC1A may not be the only master gene to regulate expression of genes involved in OXPHOS in the liver. The regulatory mechanism for genes involved in OXPHOS in the liver may be much different from that in the skeletal muscle. Actually, the regulation of genes for OXPHOS in the liver of patients with type 2 diabetes appears to be a mirror image of that of the skeletal muscle in patients with type 2 diabetes, in which genes involved in OXPHOS are downregulated. The differential gene expression for OXPHOS between the liver and skeletal muscle in type 2 diabetes may be derived from the difference in the glucose uptake systems of hepatocytes and myocytes. Because hepatocytes have an insulin-independent glucose uptake system, excessive glucose influx may activate intracellular OXPHOS easily in a diabetic condition. On the other hand, in myocytes with their insulin-dependent glucose uptake system, hyperglycaemia may not activate OXPHOS, even in a diabetic condition. Searching for the upstream master gene that regulates tissue-specific expression of genes involved in OXPHOS may become an important issue in elucidation of the mechanism of glucose homeostasis. Further comprehensive gene analysis may help identify candidate master genes that regulate OXPHOS genes in human liver and contribute to the pathology of type 2 diabetes.
In conclusion, genes involved in OXPHOS were coordinately upregulated with fasting hyperglycaemia in the livers of patients with type 2 diabetes. Elucidating the significance of hepatic OXPHOS will help understand the pathophysiology of type 2 diabetes, and help to discover novel therapeutic targets for its treatment.
